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The three-dimensional structure of phage PP7 from Pseudomonas aeruginosa has been determined to 3.7-Å resolution. A
comparison with distantly related small RNA phages showed that the biggest differences were found in the FG loops, forming
the contacts around the fivefold and threefold axes. In contrast to the situation in other phages, the FG loops of phage PP7
are very similar in all three subunits. This supports the hypothesis that no switches are needed for the assembly control in
these viruses. Some of the most conserved residues lie within the region involved in RNA binding in the related phages MS2
and seem to have the same function. © 2000 Academic Press
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Leviviridae phages have been isolated from several
bacteria, including Enterobacteria, Pseudomonas, Cau-
lobacter, and Acinetobacter. These phages are among
the simplest known viruses and have therefore been
studied as convenient models that can help us to under-
stand more complicated cases of virus assembly and
protein–RNA interactions.
The RNA phage PP7 infects Pseudomonas aeruginosa
bacteria. The phage PP7 particle consists of a plus-
stranded genomic RNA (3588 nucleotides), surrounded
by 180 copies of the coat protein, each 127 amino acid
residues long (Olsthoorn et al., 1995). In addition, the
particles of PP7 and all related phages contain a single
copy of a maturation protein. This protein is responsible
for attachment of the phage particles to the bacterial pili,
which is the first step in the infection. Experiments with
phage M12 have shown that the A protein alone, together
with the phage nucleic acid, is infectious (Leipold and
Hofschneider, 1975). The exact location of the A protein
within the capsid is not known, but the fact that it is
needed for the binding of particles to pili suggests that it
is at least temporarily exposed on the surface. It has also
been suggested that it interacts with the viral RNA
(Zinder, 1975).
The PP7 genome also encodes a replicase and pos-
sibly a lysis protein (Olsthoorn et al., 1995). The presence
in the PP7 particle of a fifth protein, called p25, has been
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331reported earlier (Olsthoorn et al., 1995). This protein,
however, is most likely a stable coat protein dimer. De-
pending on incubation conditions, there are 1–10 copies
of the p25 protein per capsid. The amount of p25 is
associated with the intensity of a red color, which is
observed in purified capsid samples (Olsthoorn et al.,
1995; Tars et al., 2000). The function (if any) of the p25
rotein is unknown.
The phage genome sequence shows that the overall
enomic organization is similar to that of group A coli-
hages (including MS2, fr, GA, and JP34). Group B coli-
hages (including Qb and SP) lack a separate lysis
protein (the lytic function is performed by the maturation
protein), but they have several long read-through coat
protein copies per particle. In contrast to the coliphages,
PP7 does not absorb to F pili but rather to polar pili and
therefore is not male specific (Bradley, 1972).
During the past decade, three-dimensional structures
of several small RNA coliphages and their mutants have
been determined, including MS2 (Valegård et al., 1990;
Golmohammadi et al., 1993; Stonehouse et al., 1996), fr
(Liljas et al., 1994; Axblom et al., 1998), Qb (Golmoham-
adi et al., 1996), and GA (Tars et al., 1997). These
tudies, in combination with site-directed mutagenesis,
ave increased our understanding of capsid assembly.
The coat protein dimers of the small RNA phages also
ct as translational repressors of the gene of the viral
eplicase. Residues located within the RNA binding site
re the most conserved among all known members of
he Leviviridae family. These residues are capable of
inding a phage-specific RNA stem-loop structure, lo-
ated upstream of the replicase gene and including thenitiation codon. In recent years, structures of several
S2 RNA complexes (wild type and mutant) have been
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332 TARS ET AL.solved (Valegård et al., 1994, 1997; van den Worm et al.,
998; Grahn et al., 1999).
Here we report the three-dimensional structure of
hage PP7 at 3.7-Å resolution. The main purpose of this
ork was to compare the structure to the known struc-
ures of coliphages and to study particle evolution and
ssembly.
RESULTS AND DISCUSSION
he PP7 structure
The structure determination of phage PP7 to 3.7-Å
esolution has been described elsewhere (Tars et al.,
2000). Like all other small RNA phages, the PP7 particle
has T 5 3 (Caspar and Klug, 1962) quasisymmetry. The
oat protein subunits thus occupy three distinct posi-
FIG. 1. Arrangement of coat protein molecules in the PP7 capsid.
Three monomers, A, B, and C, make up the icosahedral asymmetric
unit (the triangle formed by one fivefold and two threefold vertices).
Subunits A9, B9, and C9 are completing the dimer interactions to B, A,
and C, respectively. Denotation of secondary structure elements is
shown below. Additional FG loops making interactions around the
fivefold and quasi-sixfold axes are shown. Cysteines 67 and 72, which
are linking FG loops of dimers, are also shown.ions in the icosahedral lattice. These three conformers
re denoted A, B, and C (Fig. 1, top) and together form the
a
acosahedral asymmetric unit. The final model of PP7
ncluded all residues of all three subunits. The protein
equence could be fitted easily into the electron density
ap. Several side chains in the more mobile loop re-
ions, however, were not visible due to the low resolu-
ion. The final R factor for all reflections between 20 and
.7 Å resolution was 0.28. This high value might be
xplained by the exceptionally poor quality of data (Tars
t al., 2000) and in part by the low resolution. The Ram-
chandran plot had 5% of the residues in the disallowed
egions as defined by Kleywegt and Jones (1996).
The overall structure of PP7 is very similar to that of
he other small RNA phages. The monomer consists of
hree parts: an N-terminal hairpin, an antiparallel
b-sheet, and two C-terminal helices. The denotations of
the secondary structure elements are shown in Fig. 1,
bottom. Due to the strong dimer interactions, the capsid
can be regarded as built up from 90 dimers. In the PP7
dimer, the 5-stranded b-sheets of the two monomers are
xtended to a single 10-stranded b-sheet. The helices fit
n a groove between the N-terminal hairpin and the
elices of the other monomer (Fig. 1, top).
The dimers are covalently linked with disulphide
ridges, which are formed between two cysteine resi-
ues, 67 and 72, in the FG loop (the loop connecting
trands bF and bG). Cys67 is at the beginning of the loop
nd is linked to Cys72 at the tip of the loop of the
eighboring dimer. The five FG loops at the fivefold and
he six loops at the threefold are thus connected to
ing-like structures. All the dimers in the capsid appear to
e covalently linked, but because the crystallization and
he structure determination result in a perfectly icosahe-
ral model of the capsid, the presence of a unique
osition cannot be excluded, as discussed later.
omparison with coliphages
The PP7 capsid has a maximum diameter of 284 Å,
hich is about 14 Å larger than that of MS2 and about 10
larger than that of Qb. However, these values are
obtained taking into account the AB loops, which are
located on the surface of the capsid. These loops are
pointing in a direction away from the particle center in
the case of both MS2 and PP7 but are tangentially bent
in the case of Qb. The average distance from the particle
enter to the main chain atoms of the b sheet is about
16, 120, and 122 Å for MS2, Qb, and PP7, respectively.
This corresponds to an increased distance of 2–3 Å
between the center of neighboring dimers in PP7 com-
pared with MS2.
A comparison of the relative orientation of the subunits
in MS2 and PP7 shows that the C subunits in PP7 are
moved radially outward by about 5 Å. The subunits are
also rotated by about 3o around the twofold axis. The Bnd A subunits are translated radially by about 7 Å and
re rotated similarly around the quasi-twofold axis. There
o
d
t
1
f
3333-D STRUCTURE OF BACTERIOPHAGE PP7 FROM P. aeruginosaare other slight changes in the relative orientations of the
subunits.
In Table 1, the root-mean-square differences of Ca
positions are shown for a number of coliphages of
known structures. According to these data, PP7 appears
to be significantly more closely related to Qb than to MS2
TABLE 1
The Root-Mean-Square Differences (in Å) Between Superimposed
Ca Atoms of Phages
A AB9 ABC
MS2-PP7 1.88 (115/129) 1.91 (210/258) 2.28 (282/387)
GA-PP7 1.87 (112/129) 1.96 (214/258) 2.33 (279/387)
Qb-PP7 1.51 (112/132) 1.68 (216/264) 1.99 (311/396)
GA-MS2 0.82 (126/129) 0.83 (254/258) 0.87 (382/387)
Qb-MS2 1.64 (103/132) 1.65 (211/264) 2.06 (302/396)
Qb-GA 1.70 (101/132) 1.76 (209/264) 1.99 (298/396)
Note. The comparison was carried out using subunit A, AB9 dimer,
and icosahedral asymmetric unit (corresponding to subunits A, B, and
C) as rigid bodies. Numbers in parentheses indicate the number of Ca
atoms used for calculations of the total number of available Ca atoms
in each case. The standard protocol in the program O (Jones et al.,
990) was used for the calculations.
FIG. 2. The primary structure alignment of small RNA phages. In the s
are shown for coliphages and for all phages. Capital letters indicate c
residues, 1 indicates a lysine or an arginine, * indicates a hydrophobi
MS2. The primary structure of phage GA shown corresponds to the one observ
rom the one in the data bank (Inokuchi et al., 1986) by having a threonine inr GA. This might reflect, however, the similar particle
iameters of PP7 and Qb rather than a closer relation-
ship. Having a larger particle diameter will necessarily
move the dimers apart from each other a little, which in
a turn could slightly affect the conformation of the sub-
unit. As noted earlier (Tars et al., 1997), the difference in
conformation between dimers is mainly the same as that
between monomers, which shows that the dimer inter-
actions are similar in the phages. The icosahedral asym-
metric unit, corresponding to three monomers related by
the quasi-threefold axis, differs more, which shows that
the quasi-threefold interactions differ between the
phages.
An alignment of the coat protein sequences of several
small RNA phages is shown in Fig. 2. This alignment is
based on superposition of the structures. The earlier
published alignment based on the PP7 sequence (Olst-
hoorn et al., 1995) had to be corrected in the b-hairpin
and helical parts, where the sequence similarity was too
low to obtain adequate results without knowledge of the
tertiary structure.
The aligned Ca traces of AB9 dimers of phages PP7,
MS2 and Qb are shown in Fig. 3. The secondary struc-
ure elements in PP7 are of the same length as those of
ane, the secondary structure elements are shown. Conserved residues
ly conserved residues, lowercase letters indicate partially conserved
ue, and x indicates a residue, interacting with the viral RNA hairpin inecond l
omplete
c resided in the crystal structure of GA capsids (Tars et al., 1997), which differs
stead of Ala59 and a valine instead of Gly79.
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334 TARS ET AL.the other phages. The lengths of the loops between the
secondary structure elements are mostly somewhat dif-
ferent. Most notably, the AB loop in PP7 is shorter than
that in MS2 or Qb. Phage PP7 also has a shorter N-
erminus and a longer C-terminus (not shorter, as in the
revious alignment). The helical part of the monomer is
ore similar to that of Qb. The conformations of the
oops connecting the b strands in PP7 are very different
rom those of both MS2 and Qb.
There are only 17 residues of the PP7 coat protein
identical to those of MS2 and 19 residues identical to
those of Qb. Eight residues are common for all three
phages and five residues are conserved in all sequences
of the Leviviridae family known so far. Of the PP7 coat
protein sequence, 42 residues are identical to at least
one other coliphage. Because PP7 has several features
of both MS2 and Qb, it is likely that PP7 has diverged
rom a common phage ancestor before the lines leading
o MS2 and Qb split.
Among the five completely conserved residues, three
(Thr45, Ser47, and Lys61, MS2 numbering) are part of the
RNA binding site, Leu9 is part of the hydrophobic core of
the dimer, and Pro78 is located within the FG loop.
It is difficult to explain why Leu9 from b strand A is
completely conserved. Although it is clear that a hydro-
phobic residue is required at this position, it is not
obvious why other hydrophobic residues would not be
tolerated at this position. A mutation of Leu9 to Ala,
however, prevents capsid formation in the case of phage
fr (K. Tars, unpublished observation). Leu9 interacts with
residues within the subunit and with residues in the
other subunit of the dimer. The residues with which this
leucine interacts are variable among the phages, but the
corresponding residues are still in contact with this res-
idue. In PP7, the residues in close contact with Leu9 are
Ile7 and Leu15 in the same subunit and Leu111 (MS2
numbering) in the other subunit.
Pro78 was suggested earlier to play an important role
in particle assembly, as discussed later. In addition to a
possible function in particle assembly, the strict conser-
vation of this residue might also be due to some other
phage function during the viral life cycle, such as A
protein binding or RNA release. This is supported by the
FIG. 3. A stereo view of superimposed Ca traces of AB9 dimers of
phages PP7 (thick black), MS2 (thin black), and Qb (gray).results of Hill et al. (1997), where phage MS2 with a point
mutation Pro783Asn was shown to be capable of form-ing capsids but was not viable in vivo. Pro78 is found in
the FG loops that interact and form pores at the fivefold
and quasi-sixfold axes (Fig. 4.). These pores seem to be
large enough for RNA release during the infection and
consequently might be a suitable place for A protein
binding as well. In MS2 and GA, Pro78 forms part of the
surface of the pore at the fivefold axis. In PP7 as well as
in Qb, Pro78 is in a different position. The FG loops in
these viruses are linked together with disulphides. Be-
fore these disulphides have formed, the FG loops might
have a different conformation with Pro78 in a similar
position as in MS2. The conservation of this residue
might therefore be due to a function of this residue
before the disulphides are formed in PP7. A similar situ-
ation might occur in Qb. It cannot be excluded that one
pore is unique, having the single A protein molecule
bound and no disulphides formed.
The coat protein dimer of the small RNA phages binds
a specific stem-loop structure in the RNA genome. This
RNA stem-loop consists of a 7- to 9-bp-long double-
stranded stem with a single adenosine bulge and a 3- to
6-nucleotide-long loop connecting the stem strands
(Witherell et al., 1991, Olsthoorn et al., 1995). The inter-
action between the RNA stem-loop and the coat protein
dimer has at least two known functions: it acts as a
translation repressor of the replicase gene, and it en-
sures that the correct RNA is packaged within the phage
capsid (Beckett et al., 1988). Additionally, it might act as
an initiation site for capsid assembly (Hohn, 1969).
Although the RNA stem-loop sequence is quite vari-
able among the small RNA phages, many of the amino
acid residues located within the RNA binding site are
highly conserved. In Table 2, those residues, which are
known to bind RNA stem-loop in MS2, are compared with
the corresponding residues in PP7. In the case of phage
GA, the specific protein–RNA interactions could be mod-
eled based on the structure of the MS2 coat protein–RNA
stem-loop structure (Tars et al., 1997). In PP7, however, it
is very difficult to model the specific protein–RNA inter-
actions, because the stem-loop sequence of PP7 is very
different from that of MS2. The relative positions of the
conserved residues are similar in MS2 and PP7. In the
case of MS2, the completely conserved residues Thr45
and Ser47 interact directly with ADE-4, located at the 39
end of the loop. Because all phages have a purine base
at the equivalent position, the interactions between this
base and the protein are probably also similar in PP7.
The completely conserved Lys61 in MS2 interacts with
the phosphate groups of the bulged adenosine and the
previous nucleotide. The bulged adenosine, however, is
in a different place in the PP7 stem-loop compared with
MS2. Therefore, it is difficult to tell whether Lys61 inter-
acts analogously with the RNA.
Tyr85 is highly conserved among coliphages. In the
case of MS2, the tyrosine side chain stacks against the
loop base URI-5. In PP7, there is a valine at a correspond-
y are v
all cas
3353-D STRUCTURE OF BACTERIOPHAGE PP7 FROM P. aeruginosaing position that is also well exposed on the inside
surface of the capsid. Possibly, this valine is also in-
volved in stacking contacts with the corresponding RNA
base, although the stacking to the smaller valine side
chain would be less favourable. Another notable differ-
ence is the replacement by an arginine of the otherwise
conserved Val29, which in MS2 forms one of the walls of
the pocket where the base of ADE-4 is bound.
Implications for assembly
The most obvious difference between PP7 and the
FIG. 4. Interactions around the fivefold and quasi-sixfold axes of pha
at the fivefold and quasi-sixfold axes are similar, whereas in MS2, the
ball-and-stick models (gray). Pro78 (not labeled) is shown as white inother phages is that the FG loops of all three subunits A,
B, and C are very similar in PP7 (Fig. 4). The FG loops(residues 66–81, MS2 numbering) of the A, B, and C
subunits superimpose with a root mean square value of
about 0.4–0.5 Å for the Ca atoms. In the case of MS2 and
GA, the FG loops of the A and C subunits are in a similar,
extended conformation, whereas the FG loop of the B
subunit is in a completely different, contracted confor-
mation. Because Pro78 in MS2 is found in a trans con-
formation in the A and C subunits and in a cis confor-
mation in the B subunit, it was earlier suggested that the
conformational change of this proline is a switching
mechanism regulating the packing of hexameric and
7, MS2, and Qb. Note that for PP7, the conformations of the FG loops
ery different. All residues involved in direct interactions are shown as
es.ges PPpentameric units when the shell is formed. The presence
of this proline would therefore be crucial for particle
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336 TARS ET AL.assembly (Golmohammadi et al., 1993). In phage Qb,
however, Pro78 in all three subunits have the normal
trans conformation (Golmohammadi et al., 1996). This is
also the case for PP7. In addition, the Pro783 Asn mutant
of MS2 forms particles having the normal geometry
(Stonehouse et al., 1996). Therefore, we proposed that
assembly is guided by the interacting surfaces of the
dimers rather than by any obvious switching mechanism
(Tars et al., 1997). This proposal is further supported by
the formation of normal T 5 3 particles of a phage fr
mutant where a substantial part of the FG loop was
removed. In these particles, the FG loops do not make
any direct contacts (Axblom et al., 1998).
A detailed comparison of the interactions between the
dimers in MS2, GA, and Qb was made earlier (Tars et al.,
1997). Because of the low resolution and the relatively
poor electron density, it is not meaningful to perform a
similar analysis of the PP7 model. It is clear, however,
that the larger separation between the dimers in PP7
compared with MS2 corresponds to fewer direct con-
tacts. As in Qb, this is compensated by the disulphide
bonds linking the dimers. Although the relative orienta-
TABLE 2
The RNA-Binding Sites of MS2 and PP7
MS2
Type of
interaction
with RNA
Side chain
interaction
with protein PP7
Side chain
interaction
with protein
Val29 * Arg24 H to Thr41
Glu31 R H to Ser23 Ile26
Lys43 P Arg39 S to 28
Thr45 B Thr41
Ser47 B Ser43
Arg49 P Arg45
Ser51 P Asn47
Ser52 P Gly48
Gln54 R Lys50
Thr51
H to Gln46,
Tyr53
Asn55 P Ala52
Lys57 P S to Glu89 Arg54
Thr59 B Asn56
Lys61 P, * Lys58 S to Asp60
Glu63 O S to Arg83 Asp60 S to Lys58
Arg83 R S to Glu63 Thr81
Tyr85 P, * Val83
Asn87 B Ser85
Glu89 R S to Lys57 Asp87
Note. Amino acid residues within the RNA-binding site of MS2
(known from the three-dimensional structure of MS2–RNA complex) are
compared with the corresponding residues from the PP7. Additional
role of side chains is also shown.
* Hydrophobic interaction with an RNA base; B, polar interaction with
an RNA base; P, interaction with a phosphate; O, interaction with a
sugar hydroxyl; R, residue pointing toward the RNA but no specific
interaction; S, salt link; H, hydrogen bond.tion of the dimers is slightly different in the phages, the
same regions of the protein are involved in the interac-tion. Notable is that the interactions between the CD
loops close to the quasi-threefold axis is asymmetric,
with the CD loop of the B subunit at a significantly larger
radius than those of the A and C subunits. The CD loop
of the C subunit is at the lowest radius. The same
arrangement of the subunits is found in the other
phages.
When comparing all known structures of the coli-
phages, only one completely conserved interaction be-
tween the dimers was found. The conserved interaction
was a hydrogen bond between the main chain oxygen
and the main chain nitrogen of residues 39 and 94 (MS2
numbering), respectively, and it was the same in all three
quasi-equivalent subunit–subunit contacts (Tars et al.,
1997). It was proposed that this interaction might help to
determine the correct geometry during the interaction
between the dimers. Both of these residues are found in
loop regions. In the case of PP7, the electron density for
these loops is rather poor. It is therefore impossible to
tell whether the corresponding hydrogen bond has
formed, but the main chain regions of these loops are in
close contact at all quasiequivalent contacts also in PP7.
As in phage Qb, the FG loops of protein dimers in PP7
re linked together with disulphide bridges, which in-
reases the stability of the capsid. In the case of PP7,
owever, both cysteines occupy very different positions
ompared with Qb. Therefore, it is less likely that these
phages have inherited this property from a common
ancestor but rather likely that they have acquired these
cysteines in separate events.
The assembly of many T 5 3 viruses seems to be
ependent on switching mechanisms, resulting in dis-
inct dimer conformations. In several cases, the switch-
ng is dependent on segments of the polypeptide chain
hat are ordered in only some of the quasiequivalent
ubunits (Harrison et al., 1978, Abad-Zapatero et al.,
1980, Hosur et al., 1987, Speir et al., 1995, Canady et al.,
1996). The switching can also be due to other factors
(Prasad et al., 1999).
In the case of the small RNA phages, there are no
obvious switches controlling the assembly. The high de-
gree of similarity of the dimers in PP7 fits the hypothesis
that the particle is assembled from relatively rigid
dimers. The properties of the interacting surfaces appear
to govern the packing of the dimers into the correct
symmetry. There is, however, very little conservation of
sequence in the regions involved in dimer–dimer inter-
actions, and it is difficult to suggest any mechanism for
this assembly.
MATERIALS AND METHODS
The structure was determined as described earlier
(Tars et al., 2000). Phage PP7 was grown in Pseudomo-
nas aeruginosa strain PA01 and purified by a gel filtra-
tion. The phage was crystallized using the hanging drop
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3373-D STRUCTURE OF BACTERIOPHAGE PP7 FROM P. aeruginosatechnique. The crystals belonged to space group P1 with
cell dimensions a 5 285 Å, b 5 324 Å, c 5 380 Å, a 5
88.4 degrees, b 5 88.1 degrees, and g 5 87.7 degrees
nd contained two virus particles in the asymmetric unit.
he structure was solved by the molecular replacement
ethod, using the MS2 coordinates as a starting model
t 15-Å resolution, followed by phase extension to 3.7-Å
esolution. Modeling was done using O (Jones et al.,
991). The coordinates and restrained temperature fac-
ors were refined by CNS (Bru¨nger et al., 1998), using
trict icosahedral constraints over both particles. The
esidual was used as the target function. The free R
actor is very close to the normal R factor due to the high
oncrystallographic symmetry. The final coordinate set is
vailable at the Protein Data Bank, entry 1DWN.
Occasionally, mutations or sequencing errors lead to
ifferences between the sequence in the database and
he actual coat protein sequence of the studied particle.
o confirm the primary structure of the phage PP7 coat
rotein, the corresponding phage RNA fragment was
xtracted and sequenced. Phage RNA fragment was
xtracted and sequenced by a standard RT–PCR method
ssentially as described previously (Tars et al., 1997).
The RNA sequence differed only in one position from the
sequence in the database, but this change did not result
in any change in the amino acid sequence.
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